Purpose To determine how concomitant medial collateral ligament (MCL) and lateral collateral ligament (LCL) injuries affect outcome after anterior cruciate ligament (ACL) reconstruction. Methods Patients aged > 15 years who were registered in the Swedish National Knee Ligament Registry for primary ACL reconstruction between 2005 and 2016 were eligible for inclusion. Patients with a concomitant MCL or LCL injury were stratified according to collateral ligament treatment (non-surgical, repair or reconstruction), and one isolated ACL reconstruction group was created. The outcomes were ACL revision and the 2-year Knee Injury and Osteoarthritis Outcome Score (KOOS), which were analyzed using univariable and multivariable Cox regression and an analysis of covariance, respectively. Results A total of 19,457 patients (mean age 27.9 years, 59.4% males) met the inclusion criteria. An isolated ACL reconstruction implied a lower risk of ACL revision compared with presence of a non-surgically treated MCL injury (HR = 0.61 [95% CI 0.41-0.89], p = 0.0097) but not compared with MCL repair or reconstruction. A concomitant LCL injury did not impact the risk of ACL revision. Patients with a concomitant MCL or LCL injury reported inferior 2-year KOOS compared with isolated ACL reconstruction. The largest difference was found in the sports and recreation subscale across all groups, with MCL reconstruction resulting in the maximum difference (14.1 points [95% CI 4.3-23.9], p = 0.005). Conclusion Non-surgical treatment of a concomitant MCL injury in the setting of an ACL reconstruction may increase the risk of ACL revision. However, surgical treatment of the MCL injury was associated with a worse two-year patientreported knee function. A concomitant LCL injury does not impact the risk of ACL revision compared with an isolated ACL reconstruction.
Introduction
The medial collateral ligament (MCL) and the lateral collateral ligament (LCL) of the knee joint are primary restraints to valgus and varus forces, respectively, and do also counteract tibial rotation [11, 30] . The shared stabilizing properties of the collateral ligaments and the anterior cruciate ligament (ACL) mean that the risk of combined injuries to these structures is high. In spite of this, consensus has not yet been reached in terms of the optimal treatment for combined injuries and there is sparse evidence relating to the way the presence and treatment of concomitant collateral ligament injuries affect the outcome after primary ACL reconstruction.
Successful outcomes after non-surgical treatment of isolated MCL injuries [17, 18, 25, 26, 29] have led many surgeons to advocate non-surgical treatment for the MCL also in combined ACL and MCL injuries, with early or delayed ACL reconstruction [12, 13, 16, 27, 28, 32, 34, 39] . However, MCL deficiency has been reported to increase the forces on the ACL graft [1, 43] and surgical intervention to re-establish the stabilizing properties of the MCL may benefit the healing of both the ACL graft and the MCL [37] . Several techniques for the surgical treatment of the MCL, involving both suture repair and ligament reconstruction, have been described and reported to produce successful outcomes [2, 4, 5, 9, 21, 26, 42] .
Clinical studies of combined ACL and LCL injuries have so far been limited in the literature. Nonetheless, the role of the LCL in preventing the anterolateral rotatory instability of the ACL-injured knee has been established [40] and addressing lateral deficiency is regarded as crucial to restore kinematics in the ACL-reconstructed knee [41] . Instability caused by insufficiency of the posterolateral structures of the knee joint increases the risk of graft failure in a simultaneous ACL reconstruction [3, 10, 33] , thereby underlining the importance of a thorough assessment and treatment of involved structures, including the LCL.
The purpose of this national registry study was to determine how presence and treatment of concomitant MCL or LCL injuries affect the risk of ACL revision and patient-reported knee function after primary ACL reconstruction compared with isolated ACL reconstruction. It was hypothesized that nonsurgical treatment of a concomitant collateral ligament injury at the time of ACL reconstruction would increase the risk of ACL revision and result in inferior patient-reported knee function compared with surgical treatment.
Materials and methods
Data from the Swedish National Knee Ligament Registry (SNKLR) were collected prospectively between January 1, 2005 through December 31, 2016. The inclusion criteria for the study were primary single-bundle ACL reconstruction with hamstring tendon (HT) or patella tendon (PT) autografts and age > 15 years. Patients fulfilling any of the following criteria were excluded from analysis; the first entry in the SNKLR was ACL revision, prior contralateral ACL reconstruction, a concomitant fracture/nerve injury/vascular injury or posterior cruciate ligament (PCL) injury, doublebundle ACL reconstruction, a graft type for ACL reconstruction other than PT or HT, an unregistered HT graft diameter, combined MCL and LCL injuries or contralateral MCL or LCL surgery.
The Swedish National Knee Ligament Registry
The SNKLR is a nationwide registry established in January 2005 and it comprises over 90% of the ACL reconstructions performed annually in Sweden [6] . The SNKLR is divided into two separate parts, one surgeon-reported and one patient-reported. The surgeon enters information regarding identified knee joint injuries, such as ligament, meniscal and cartilage injuries, and reports details of the surgical treatment. Any additional surgeries, such as revision or contralateral ACL reconstruction, are entered as separate events in the database and linked to the patient's primary ACL reconstruction. The patient-reported part includes demographic data and prospectively collected patient-reported outcome in terms of the European Quality of Life-5 Dimensions (EQ-5D) and the Knee Injury and Osteoarthritis Outcome Score (KOOS) [31] . The patient-reported outcomes are administered preoperatively and at 1-, 2-, 5-and 10-year follow-ups.
Study groups
All the patients in the study cohort underwent primary ACL reconstruction and were stratified by the presence and treatment of a concomitant MCL or LCL injury. The stratification yielded a total of seven separate study groups for analysis. The isolated ACL group was defined as patients undergoing primary ACL reconstruction without concomitant MCL or LCL injury. Patients with a concomitant MCL or LCL injury were identified in the surgeon-reported part of the SNKLR and three groups for the MCL-and the LCL-injured patients, respectively, were created as follows: non-surgically-treated, suture repair and reconstruction. A suture repair of the MCL or LCL is directly reported in the SNKLR and it was therefore identified accordingly in the database. However, the data entry design in the SNKLR does not enable the reporting of a specific method for the surgical reconstruction of a collateral ligament. The surgical reconstruction of an MCL or LCL injury is reported, as the surgeon enters a combination of (1) the presence of a concomitant MCL or LCL injury and (2) the use of a graft in relation to the MCL or LCL injury. Patients with an MCL or LCL injury who did not fulfill the criteria for either suture repair or reconstruction formed the non-surgically-treated MCL and LCL groups.
Outcome
The primary outcomes were ACL revision and the KOOS at the 2-year follow-up. An ACL revision was defined as the patient undergoing an ACL revision during the follow-up period, which started at the date of the patient's index ACL reconstruction and ended on December 31, 2016 or at the date of the ACL revision. The KOOS is a patient-reported outcome measurement comprising five subscales-kneerelated symptoms, pain, activities of daily living (ADL), function in sports and recreation and knee-related quality of life (QoL). Each subscale yields a possible score of 0-100, where a score of zero represents the worst possible knee problems and a score of 100 indicates no knee problems [31] . The KOOS 4 is a modified version of the KOOS, where the ADL subscale is excluded due to a potential ceiling effect since most active and young patients do not experience difficulties in ADL. The KOOS 4 is therefore an average score of the remaining four subscales, similarly ranging from 0 to 100 [8] .
Participation in the SNKLR is voluntary for both patients and surgeons. All patients received written information regarding the participation. Ethical approval was obtained from the Regional Ethical Review Board in Stockholm (registration number: 2011/337-31/3).
Statistical analysis
All statistical analyses were performed using Statistical Analysis System software (SAS/STAT, version 14.2, 2016; SAS Institute Inc., Cary, North Carolina, USA). Patient demographics and baseline patient-reported outcomes were presented as numbers and percentages for categorical variables and continuous variables as the mean and standard deviation (SD) across all study groups. For comparisons between two groups (with the isolated ACL group as reference), Fisher's exact test was used for dichotomous variables, the Chi square test for non-ordered categorical variables and the Mann-Whitney U test for continuous variables. For comparisons between non-ordered groups, the Chi square test was used for non-ordered categorical variables (such as crude revision rate) and the Kruskal-Wallis test was used for continuous variables (such as the KOOS). To compare the 2-year KOOS between each group with a concomitant MCL or LCL injury and the isolated ACL reconstruction group (reference), an analysis of covariance (ANCOVA) was used. The ANCOVA was adjusted for possible confounding differences between the groups in demographic data known to affect the KOOS, i.e., age at surgery, patient sex and cartilage injury. Univariable and adjusted multivariable Cox regression analyses were performed to determine the proportional hazard ratio of ACL reconstruction survival or ACL revision between the isolated ACL group and the other groups. The Cox proportional hazard model analyzes time to ACL revision. Patients who underwent contralateral ACL reconstruction during follow-up were censored in the analyses. The Cox regression models were adjusted for patient sex, graft diameter and any additionally identified baseline confounders, defined as variables differing significantly between treatment groups, if these variables were also shown to correlate with both the predictor and the outcome of the regression model when tested. The proportional hazards assumptions were fulfilled and were investigated by visually reviewing the log(− log(Survival)) versus log(time) curves and by introducing an interaction term between each predictor and the logarithm of time in the study into the model. The results of the Cox regression analyses were reported as hazard ratios (HR), 95% confidence intervals (CI) and p values. All statistical tests were two-sided and conducted at the 5% significance level.
Results
A total of 19,457 patients (mean age 27.9 years, 59.4% males) met the inclusion criteria, of which 18,490 patients formed the reference group of isolated ACL reconstruction in absence of a collateral ligament injury. Patients with a concomitant MCL injury were stratified by treatment; non-surgically-treated MCL (n = 657), MCL suture repair (n = 52) and MCL reconstruction (n = 84). The same stratification was made for patients with a concomitant LCL injury; non-surgically-treated LCL injury (n = 124), LCL suture repair (n = 15) and LCL reconstruction (n = 35). All patient baseline data and the paired comparative analysis between each MCL and LCL group and the isolated ACL reconstruction group are presented in Table 1 .
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Risk of ACL revision
The 2-and 5-year outcomes after isolated ACL reconstruction and combined ACL and MCL injury are presented in Table 2 . There were no differences in the crude 2-and 5-year ACL revision rate between the groups. Factors that differed significantly in the pairwise comparison of each MCL group and the isolated ACL group and, in addition, were shown to correlate with both the predictor and the outcome were age, concomitant cartilage injury and the femoral fixation method. As a result, the Cox regression model was adjusted for age, patient sex, graft diameter, concomitant cartilage Table 1 Baseline demographic data for study groups For categorical variables number (n) and percentage (%) are presented. For continuous variables, the mean and standard deviation (SD) are presented For comparisons between groups, Fisher's exact test (lowest one-sided p-value multiplied by two) was used for dichotomous variables, the Chi square test was used for non-ordered categorical variables and the Mann-Whitney U test was used for continuous variables. The isolated ACL reconstruction group was used as reference and all the other study groups were compared with the isolated ACL group *p < 0.05, **p < 0.01, ***p < 0.001 , p = 0.036). When stratifying the analysis according to type of MCL treatment, the isolated ACL group had a significantly reduced risk of ACL revision compared with patients treated non-surgically for their MCL injury in both the unadjusted (HR = 0.69 [95% CI 0.48-0.99], p = 0.045) and adjusted analysis (HR = 0.61 [95% CI 0.41-0.89], p = 0.0097) but not compared with patients treated with either MCL suture repair or MCL reconstruction ( Table 3 ). The planned analysis of the risk of revision between the different types of MCL treatment was not possible due to small study groups and few events in each group.
Two-year patient-reported knee function
The 
Lateral collateral ligament injury
Risk of ACL revision
The 2-and 5-year outcomes after isolated ACL reconstruction and combined ACL and LCL injury are presented in Table 5 . There were no differences in the crude 2-and 5-year ACL revision rate between the groups. The prevalence of concomitant cartilage injury differed significantly in the pairwise comparison of each LCL group and the isolated ACL group and was additionally shown to correlate with both the predictor and the outcome. As a result, the Cox regression model was adjusted for patient sex, graft diameter and concomitant cartilage injury. The risk of ACL revision did not differ between patients with an isolated ACL reconstruction and any of the LCL treatment groups ( Table 6 ). The planned analysis of the risk of ACL revision between the different types of LCL treatment was not possible to perform due to small study groups and few events in each group.
Two-year patient-reported knee function
The analysis of the 2-year KOOS was not possible to perform for the LCL suture repair and the LCL reconstruction groups, since 2-year data were only available for three and twelve patients, respectively, in these groups. A total of 46 patients within the non-surgically treated LCL group had available data for the 2-year KOOS. A non-surgically treated LCL injury resulted in significantly lower KOOS symptoms (mean difference 5.7 points [95% CI 0.4-11.0], p = 0.036), pain (mean difference 5.7 points [95% CI 0.8-10.5], p = 0.022) and sports and recreation (mean difference 9.2 points [95% CI 1.2-17.1], p = 0.024) compared with the isolated ACL group. The mean KOOS 4 was 6.7 points (95% CI 1.0 -12.4, p = 0.022) lower in the non-surgically treated LCL group compared with the isolated ACL group (Table 7) .
Discussion
The most important finding in this study was that the presence of a concomitant MCL injury was associated with an increased risk of undergoing ACL revision compared with an isolated ACL injury. The risk of ACL revision was significantly increased for patients undergoing ACL reconstruction and non-surgical treatment of their concomitant MCL injury, while patients treated with either MCL suture repair or reconstruction did not display an increased risk of ACL revision compared with isolated ACL reconstruction. This study also showed that the 2-year KOOS was significantly lower across all study groups in patients with a concomitant MCL injury compared with the isolated ACL injury group. However, patients undergoing surgical treatment for their MCL injury had a clinically relevant inferior KOOS compared with isolated ACL reconstruction, while the differences in the KOOS between the nonsurgically treated MCL group and the isolated ACL group were small. The analyses of patients with a concomitant LCL injury were limited by small study groups, however, The non-surgical treatment of isolated MCL injuries has been reported to produce a successful outcome, including high rates of return to sport [17, 25, 29] . Because of this, the controversy between existing studies of combined ACL and MCL injuries is mainly related to whether or not the MCL should be treated surgically. On one side, some authors have proposed that an early ACL reconstruction alone should be performed to minimize the gap between the torn ends of the MCL and accelerate healing without residual laxity [13, 14, 27] . Others have proposed that time should first be given, delaying surgery, to heal the MCL injury and that an isolated ACL reconstruction could be performed at a later stage, if severe valgus instability is not present intra-operatively [12] . The present study indicates that choosing non-surgical treatment of a concomitant MCL injury might increase the risk of necessitating a future ACL revision. One reason for this finding may be that laxity caused by MCL deficiency compromises the healing process of the newly reconstructed ACL. This theory is supported by biomechanical studies showing that MCL tears are associated with an increased load on the ACL [1, 43] and that forces not constrained by a deficient MCL will instead be mainly compensated for by the ACL [19] . As a result, the vulnerable ACL graft runs the risk of being subjected to excessive forces, which may predispose a subsequent graft failure.
The non-surgical treatment of a concomitant MCL injury has also been reported to increase the risk of residual laxity following ACL reconstruction compared with an isolated ACL reconstruction in the clinical setting [38] . If a severe medial-side injury is not properly diagnosed and treated accordingly, it may result in a complex laxity pattern of both valgus and anteromedial rotatory laxity [7] . The presence of this kind of residual laxity could contribute to a higher risk of ACL revision among non-surgically treated MCL injuries [1, 34, 35] , which was shown in the present study. Nevertheless, the clinical decision-making regarding the choice of treatment for an MCL injury could be challenging and objective quantification of medial-side gapping by stress radiography could augment diagnostic power in addition to physical examination. A systematic review has, however, reported that valgus stress radiography has been underinvestigated in the literature in terms of diagnostic gapping benchmarks, accuracy and reliability [20] . Although there is a paucity of clinical studies on this subject, increased medial compartment gapping of 3.2 mm or more compared with the uninjured knee was shown to be indicative of a Grade III MCL tear in a cadaveric model [23] . The same study reported that gapping of more than 6.5 mm in full knee extension compared with the uninjured knee was indicative of an even more severe medial-side injury, likely also to involve other structures in the posteromedial corner [23] . There is no evidence that the spontaneous healing seen in superficial MCL injuries [36] could be expected for more extensive injuries to the medial structures, which underscores the importance of identifying MCL injuries requiring surgical treatment. However, future in vivo research regarding medial-side knee injuries is warranted to determine how the degree of medial gapping should be incorporated in the treatment algorithm.
Two factors are especially important to consider when using ACL revision as the primary endpoint in the SNKLR. First, there is a risk that graft failures and inferior outcomes for patients who choose not to undergo ACL revision will not be distinguished. Second, the SNKLR does not include information on return to sport or activity level, which could per se influence a patient's risk of sustaining a new ACL injury requiring revision. It has previously been reported that the risk of ACL revision is highest during the first two postoperative years, likely due to the fact that most patients return to knee-strenuous activity at some time during this timeframe [22, 24] . This study found that no ACL revision was registered during the first two years in either the MCL repair or the reconstruction group. Does this mean that these patients had such severe knee problems that they were not exposed to the risk of re-injury while participating in kneestrenuous activity, which might thereby explain the lower risk of ACL revision? Interestingly, a recent study showed that a concomitant MCL injury was a strong negative predictor of return to knee-strenuous sport within the first postoperative year after ACL reconstruction [15] . Moreover, the MCL repair and the MCL reconstruction groups in present study reported almost 15 points lower in the sports and recreation subscale compared with the isolated ACL group, while the non-surgically treated MCL group reported only a slightly inferior KOOS. This finding suggests that patients in the MCL repair and reconstruction groups might adapt their activity demands and thereby run a lower risk of sustaining a new ACL injury requiring revision, thereby underscoring the limitation of using the event of ACL revision as an outcome in the present study.
The analyses of patients with an LCL injury were limited by small study groups, which means that these findings should be interpreted carefully. There was no difference in the risk of ACL revision between an isolated ACL injury and any type of treatment for an LCL injury. However, only four patients in the non-surgically treated LCL group and one patient in the LCL repair group underwent ACL revision during the first five postoperative years, which are small numbers to analyze. Moreover, no clinically important differences were found between the non-surgically treated LCL group and the isolated ACL group in the 2-year KOOS.
The unspecified grade of the concomitant collateral ligament injuries in the present study limits the ability to draw conclusions. It must also be stated that the study does not differentiate between the degree of valgus or varus laxity among the investigated patients. Nor is the surgical technique for the ACL reconstruction or the collateral ligament procedures known and the treatment was performed by several surgeons. Moreover, there is no information about the pre-or postoperative rehabilitation or the activity level among included patients. Nonetheless, this is the first study from the SNKLR to investigate the impact of collateral ligament injury on the risk of ACL revision, which permits the investigation of one of the largest population-based cohorts for combined ACL and collateral ligament injuries to date. The findings of this study should be considered as one component in the clinical decision-making regarding management of combined ACL and collateral ligament injuries, indicating that non-surgical treatment of the latter potentially increases the risk of ACL revision.
Conclusion
Non-surgical treatment of a concomitant MCL injury in the setting of an ACL reconstruction may increase the risk of ACL revision. Clinicians should thoroughly consider the need for surgical treatment for a concomitant MCL injury to prevent residual laxity, potentially increasing the risk of ACL revision. However, surgical treatment of the MCL injury was associated with worse two-year patient-reported knee function. A concomitant LCL injury does not impact the risk of ACL revision compared with an isolated ACL reconstruction.
